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Abstract. We use retrievals of aerosol extinction from mum in May—September (1-4 Mm), thus providing the
the Cloud-Aerosol Lidar with Orthogonal Polarization first pan-Arctic view of Arctic haze seasonality. The Euro-
(CALIOP) onboard the CALIPSO satellite to examine the pean and Asian Arctic sectors display the highest wintertime
vertical, horizontal and temporal variability of tropospheric extinctions, while the Atlantic sector is the cleanest. Over
Arctic aerosols during the period 2006-2012. We developthe Low Arctic (60—-70N) near the surface, CALIOP ex-
an empirical method that takes into account the differencdinctions reach a maximum over land in summer due to bo-
in sensitivity between daytime and nighttime retrievals overreal forest fires. During summer, we find that smoke aerosols
the Arctic. Comparisons of the retrieved aerosol extinc-reach higher altitudes (up to 4 km) over eastern Siberia and
tion to in situ measurements at Barrow (Alaska) and AlertNorth America than over northern Eurasia, where they re-
(Canada) show that CALIOP reproduces the observed seanain mostly confined below 2 km. In the free troposphere,
sonal cycle and magnitude of surface aerosols to within 25 %the extinction maximum over the Arctic occurs in March—
In the free troposphere, we find that daytime CALIOP re- April at 2-5km altitude and April-May at 5-8 km. This is
trievals will only detect the strongest aerosol haze events, asonsistent with transport from the midlatitudes associated
demonstrated by a comparison to aircraft measurements olwith the annual maximum in cyclonic activity and blocking
tained during NASA's ARCTAS mission during April 2008. patterns in the Northern Hemisphere. A strong gradient in
This leads to a systematic underestimate of the columraerosol extinction is observed betweer? B0and 70 N in
aerosol optical depth by a factor of 2-10. However, whenthe summer. This is likely due to efficient stratocumulus wet
the CALIOP sensitivity threshold is applied to aircraft ob- scavenging at high latitudes combined with the poleward re-
servations, we find that CALIOP reproduces in situ obser-treat of the polar front. Interannual variability in the mid-
vations to within 20% and captures the vertical profile of dle and upper troposphere is associated with biomass burn-
extinction over the Alaskan Arctic. Comparisons with the ing events (high extinctions observed by CALIOP in spring
ground-based high spectral resolution lidar (HSRL) at Eu-2008 and summer 2010) and volcanic eruptions (Kasatochi
reka, Canada, show that CALIOP and HSRL capture the evoin August 2008 and Sarychev in June 2009). CALIOP dis-
lution of the aerosol backscatter vertical distribution from plays below-average extinctions observed from August 2009
winter to spring, but a quantitative comparison is inconclu- through May 2010, which appear to be linked with a strongly
sive as the retrieved HSRL backscatter appears to overestiregative Arctic Oscillation index.

mate in situ observations by a factor of 2 at all altitudes. In the

High Arctic (> 70° N) near the surface<(2 km), CALIOP

aerosol extinctions reach a maximum in December—March

(10-20 MnT1), followed by a sharp decline and a mini-
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1 Introduction (Jacob et al., 2010). The spring campaign was conducted in
parallel with the National Oceanic and Atmospheric Admin-
Transport of anthropogenic aerosols to the Arctic has beeristration (NOAA) Aerosol Radiation and Cloud Processes af-
studied since the early 1980s (e.g., Rahn and McCaffreyfecting Arctic Climate (ARCPAC) campaign (Brock et al.,
1980; Barrie et al., 1981; Rahn, 1981) and leads to the phe2011). During these springtime campaigns, several dense
nomenon of Arctic haze, the human-caused reduction in vishiomass burning plumes from agricultural and forest fires in
ibility at high latitudes. Arctic haze is characterized by a Russia were sampled over the Alaskan and Canadian Arctic
marked seasonal cycle in aerosol concentrations at the sufWarneke et al., 2009; Fisher et al., 2010). Source attribu-
face, with a maximum in winter/early spring and a minimum tion studies have determined that fossil-fuel burning in East
in summer (Law and Stohl, 2007; Quinn et al., 2007). The Asia was the dominant source of pollution during ARCTAS-
winter/spring maximum is due to enhanced transport com-A, representing roughly 40 % of Arctic CO at all altitudes
bined with weaker removal in the Arctic (Shaw, 1995). The (Fisher etal., 2010; Bian et al., 2013), although European and
summer minimum has been attributed to the isolation of theRussian sources also contributed significantly at low altitudes
Arctic atmosphere caused by reduced transport from midlat{30 %). Wang et al. (2011) reported that sulfate aerosols con-
itudes at this time of year (e.g., Stohl, 2006), although recentributed to 50-70 % of aerosol mass, with organic aerosols
studies have highlighted the importance of efficient summer-aaccounting for another 30—-40% at all altitudes. Fisher et
time wet removal processes over the Arctic (Garrett et al.,al. (2011) found that the single largest source of sulfate
2011; Bourgeois and Bey, 2011; Browse et al., 2012). aerosols at the surface is central Russia and Kazakhstan in
Considerable effort has been devoted to understanding theinter—spring, whereas East Asia contributes the most above
sources and transport pathways of Arctic pollution. Trans-5km. The modeling study of Bourgeois and Bey (2011) in-
port of pollution aerosols from Europe and the former So-dicates that Europe and Siberia dominate the annual bud-
viet Union (FSU) was the main source of Arctic aerosols gets of column BC and sulfate aerosols. Biomass burning
in the 1980s (Rahn and Lowenthall, 1984; Raatz and Shawevents systematically affect the springtime aerosol budgets
1984; Barrie et al., 1989). However, since the first source-and background concentration levels and April 2008 stands
attribution studies were conducted, the geographical distri-out as characterized by unusually high fire activity (Warneke
bution of the emission of aerosols from fossil-fuel combus- et al., 2010). Brock et al. (2011) observed that the seasonal-
tion has changed dramatically (Novakov et al., 2003). Sul-ity of Arctic haze is driven by changes in the background
fur emissions in eastern Europe and Russia have been deerosols concentration rather than the frequency of occur-
creasing following the introduction of cleaner combustion rence of dense smoke layers.
technologies in Europe and the demise of the FSU, whereas The summer 2008 IPY measurements showed that the East
East and South Asian emissions have increased over the pa&sian contribution to Arctic CO and aerosols was small, indi-
30years, driven by rapid economic growth and higher energycating inefficient transport as well as enhanced wet scaveng-
consumption (Stern, 2005). Ground-based measurements afig of aerosols (Matsui et al., 2011; Bian et al., 2013). De-
sulfate aerosol concentrations in March/April have decreasedpite high plume dilution and stronger wet removal in sum-
by 27-63 % between 1990 and 2003 across a range of Arctimer, several aerosol plumes were traced to both fossil-fuel
sites, and appear to have leveled off (Quinn et al., 2007). Thisand biomass burning origins, and all showed a preponderant
negative trend has been attributed to the decrease in anthraomponent of highly oxygenated organic carbon compounds
pogenic emissions from Eurasia (Quinn et al., 2009; Gong(> 70 %) with relatively larger sulfate fractions for plumes
et al., 2010); Hirdman et al., 2010). Recent modeling stud-originating in industrialized regions (Schmale et al., 2011).
ies show that despite declining emissions, Europe and Rus- In addition to fossil-fuel and biomass burning sources, the
sia continue to constitute the largest contributors of Arctic Arctic aerosol budget is also influenced by natural sources.
sulfate and black carbon (BC) aerosols at the surface (ShinThin lofted layers of mineral dust were documented as early
dell et al., 2008) due to their vicinity and favorable transport as the 1970s (Rahn et al., 1977). Greenland ice-core records
patterns to the Arctic (Stohl, 2006). Measurements of BC inspanning the recent past (1790-2000) show large spikes of
snow across the Arctic (Hegg et al., 2010) as well as model-deposited sulfate associated with episodic explosive volcanic
ing simulations (Wang et al., 2011) suggest a large contribu-eruptions (McConnell et al., 2007). These ice cores also show
tion from agricultural biomass burning during spring. that biomass burning constitutes a significant, though highly
The 2008 International Polar Year (IPY) saw a suite of co-variable, source in summer.
ordinated aircraft campaigns aimed at improving the under- Pollution enters the Arctic following different pathways
standing of the factors controlling changes in Arctic atmo- determined by the persistence and seasonality of large-scale
spheric composition and climate. The National Aeronauticscirculation patterns. Carlson (1981) and Iversen (1984) in-
and Space Administration (NASA) Arctic Research of the troduced the concept giolar dome a dome-shaped closely
Composition of the Troposphere from Aircraft and Satellites packed set of constant potential temperature surfaces (isen-
(ARCTAS) campaign occurred in April (ARCTAS-A) and tropes) wrapped around the Arctic. As transport within the
July (ARCTAS-B) of 2008 over the North American Arctic Arctic tends to occur at near-constant potential temperature,
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the polar dome forces air aloft to follow the isentropes, effec-instrument, CALIOP can retrieve aerosol and cloud profile
tively acting as a surface barrier to intrusions of air from out- information during both daytime and nighttime, and, un-
side. However, during winter considerable diabatic coolinglike passive remote sensing instruments, it is not affected
may occur in an air mass in contact with cold, snow-coveredby the highly reflective surfaces present in the Arctic. Thus,
surfaces (Klonecki et al., 2003), thus trapping aerosols beCALIOP has the potential to provide a wealth of informa-
low the temperature inversion and allowing for their transporttion on the vertical and horizontal distribution of Arctic
over long distances. This is a common low-level pollution aerosols. Two limitations of CALIOP are its narrow footprint
transport pathway from Eurasia in winter and early spring. (~100m) and its relatively low sensitivity to faint aerosol
Transport aloft requires that gaseous and aerosol pollulayers that frequently occur over the Arctic.
tants first be injected from the planetary boundary layer into CALIPSO has been used in the Arctic to follow the evolu-
the free troposphere and is thus more episodic. Warm contion of aerosol plumes over timescales of 4-10 days (de Vil-
veyor belts in midlatitude cyclones constitute such a mechaliers et al., 2010; Di Pierro et al., 2011) and in conjunction
nism, but are accompanied by considerable wet scavengingvith the CloudSat satellite to study the optical properties of
Free-tropospheric transport via this pathway dominates thenixed-phase and ice clouds and haze (Gayet et al., 2009;
total transport from North America and East Asia because ofGrenier et al., 2009). Devasthale et al. (2011) present a 4yr
the lower latitudes and higher potential temperatures of thes€ALIPSO-based study of the spatial distribution of Arctic
regions compared to sources located in Europe and Russigerosols. They find that the largest fraction of the detected
(Klonecki et al., 2003; Stohl, 2006). aerosol layers occurs below 1km and maximizes in winter
Although surface observations span more than threg65 %), due to the development of strong surface-based tem-
decades at a few sites such as Barrow (Alaska), Alertperature inversions, whereas in spring and summer a rela-
(Canada) and Karasjok (Norway), the Arctic aerosol bur-tively larger fraction of aerosol layers is detected in the free
den is not well characterized in space and time (Quinn etroposphere. The occurrence of smoke aerosol, associated
al., 2007). Aircraft campaigns provide a snapshot of the de-with biomass burning, reaches an annual maximum in the
tailed vertical distribution of Arctic aerosols, but only over a summer (13 % of total aerosol layers) and is below 5% in all
limited time period and region. For example, airborne mea-other seasons.
surements of aerosol properties were conducted during the In this study, we examine the ability of CALIOP to pro-
Tropospheric Ozone Production about the Spring Equinoxvide information on the horizontal and vertical distribution
experiment (TOPSE) from February to May 2000 over the of Arctic aerosols for 2006—2012. Our study however differs
North American Arctic (Browell et al., 2003; Scheuer et al., from that of Devasthale et al. (2011) in that we provide an
2003). The measurements highlighted the strong spatial inanalysis of the seasonal evolution of aerosol extinction. We
homogeneity of Arctic aerosol mixing ratios and documentedaccount for the different performance of the CALIOP instru-
a steady increase in number concentration in the middle-ment when it operates under daytime and nighttime condi-
upper troposphere throughout the campaign, providing inditions. Furthermore we compare CALIOP retrievals to both
cations that the annual aerosol maximum occurs later alofground-based and aircraft-based measurements to evaluate
than at the surface. the robustness of CALIOP measurements over the Arctic.
The SAGE Il and Il satellite instruments used solar occul- In Sect. 2 we present a description of the CALIOP dataset.
tation to retrieve aerosol extinction in the Arctic troposphere Section 3 documents a detailed comparison of CALIOP re-
above 6 km altitude (Treffeisen et al., 2006). An April-May trievals against surface and aircraft in situ measurements of
aerosol extinction maximum was observed in the upper tro-aerosol extinction over the Arctic as well as against ground-
posphere, followed by a rapid drop in midsummer to muchbased lidar retrievals of aerosol backscatter. This is followed
lower values. Thus SAGE provided the first multiyear datasetby a discussion of the horizontal, vertical and temporal vari-
of Arctic aerosols in the upper troposphere. However, SAGEations of Arctic aerosol extinction in 2006—2012 (Sect. 4).
retrievals were not available in the middle and lower tropo- Finally, Sect. 5 presents our conclusions.
sphere because of limitations associated with the presence of
clouds along the long horizontal line of sight of the instru-
ment. ) 2 Space-borne CALIOP lidar
The NASA and Centre National Htudes Spatiales
(CNES) Cloud-Aerosol Lidar and Infrared Pathfinder Satel- CALIOP measures the attenuated backscatter intensity at
lite Observation (CALIPSO) satellite joined the A-train 532nm and 1064 nm. The 532 nm channel is polarization-
polar-orbiting constellation on 28 April 2006 and began col- sensitive, allowing for the measurement of the two orthog-
lecting data in June 2006 (Winker et al., 2009). CALIPSO onally polarized components of the signal. From the mea-
carries the Cloud-Aerosol Lidar with Orthogonal Polariza- sured signal, which after geolocation and calibration is de-
tion (CALIOP) instrument, which measures the attenuatednominated level 1, a series of nested algorithms find atmo-
backscatter at 532 nm and 1064 nm with a vertical resoluspheric features at increasing horizontal averaging (Winker
tion of 30 to 60 m. Because it is an active remote sensinget al., 2009; Young and Vaughan, 2009). These features are
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then classified as clouds or aerosols, and their subtype (cleastard deviation. The “gridded extinctionBey, is then defined
continental, clean marine, dust, polluted continental, pol-as the product between the aerosol detection frequency and
luted dust and smoke) is determined. Liu et al. (2009) de-the extinction of the detected layers x bex. The “gridded
scribe the cloud—aerosol separation algorithm and assess itsckscatter”s, is defined similarly agf x 8. We will refer
performance. Omar et al. (2009) describe the aerosol typéo these two gridded products as the standard extinction and
classification algorithm. The inversion to obtain the AOD at backscatter.
both wavelengths is then initiated by assigning an extinction- This gridding approach assumes that all layers that are
to-backscatter ratio (called lidar ratio) as a function of the undetected by CALIOP (clear air) have an extinction of
aerosol type. The resulting data product is called level 2. OMm~1. The same approach was used by Winker et
The CALIOP 532nm version 3.01 calibration has beenal. (2013), who notes that this assumption likely leads to an
validated against aircraft measurements by the NASA Lan-underestimate of the true extinction as undetected aerosol
gley airborne high spectral resolution lidar (AHSRL) in- layers could have an extinction between 0Mmand the
strument for a wide seasonal and latitude range coverCALIOP detection threshold. This approach thus yields a
ing diverse aerosol and cloud conditions (Rogers et al.Jower bound estimate of the true extinction. An alternative
2011). CALIOP’s attenuated backscatter shows a veryapproach would be to assign to clear-air extinction values
small negative bias relative to AHSRL both at nighttime equal to the CALIOP detection threshold. This would result
(—2.7%=+2.1%) and daytime €2.9%+3.9%) but lies in an upper bound estimate. We will examine the impact of
within the uncertainties of AHSRL (Rogers et al., 2011). these assumptions in Sect. 3.
No seasonal, latitudinal or vertical dependencies were found.
Over the Arctic, CALIOP attenuated backscatter values were2.1  CALIOP data selection
within 10% of AHSRL measurements for all validation
flights. We screen the data by selecting only aerosol retrievals with
An important aspect of CALIOP’s performance is its sen- an absolute value of the cloud aerosol distinction (CAD) con-
sitivity to illumination conditions. Daytime retrievals are less fidence function greater than 50. CAD values measure the
accurate than nighttime retrievals because they are affectedonfidence in the algorithm classification of an atmospheric
by the noise from scattering of solar radiation in the field of feature as either a cloud or an aerosol (Liu et al., 2009). CAD
view of the detector (Winker et al., 2009; Rogers et al., 2011).values vary betweer-100 for a feature that is unambigu-
Daytime retrievals thus have a higher backscatter sensitivityously classified as an aerosol layer+d00 for a feature
threshold 0.5 Mm% sr1 at sea level) compared to night- that is unambiguously classified as a cloud layer. We found
time retrievals £0.4 Mm~1sr-1). Both thresholds decrease that using larger CAD threshold values (up|@AD]| = 90)
exponentially with altitude (Winker et al., 2009, 2013), such does not affect our results significantly. We apply a further
that at 8km altitude their values are0.3Mm1sr! and  screening by using the quality control (QC) flag, and exclude
~0.2Mm~1sr! for daytime and nighttime, respectively. aerosol retrievals that yield unphysical solutions or where the
Over the Arctic, especially in the middle and upper tropo- retrieval algorithm had to adjust the initially selected lidar
sphere, thin aerosol layers often have backscatter values beatio. In these cases the retrieved extinction is not accurate,
low these thresholds and can thus go undetected by CALIORand the uncertainty cannot be estimated (Winker et al., 2009;
The difference in sensitivity between day and night leads toYoung and Vaughan, 2009). We also exclude aerosol layers
complications in the interpretation of spring and summer re-with unrealistically high extinction values-(500 Mm1).
trievals over the Arctic when only daytime measurements are In version 3.01 an underestimate of aerosol extinction at
available from CALIOP. We address this issue in more detaillow levels present in data version 2 was corrected by extend-
in Sect. 2.3. ing the aerosol layer base to 90 m above the surface. How-
In this study, we use version 3.01 level-2 Cloud and ever, this correction leads to unrealistically low extinction at
Aerosol Layer data at 5km horizontal resolution betweenthe surface (Koffi et al., 2012). To correct this artifact we ap-
June 2006 and October 2011. Between November 2011 angly the same correction as in Koffi et al. (2012) by further
May 2012, we use version 3.02. No differences in the inver-extending the lowest aerosol layer to the surface if the height
sion algorithm were introduced between the two versions.above the surface is less than 10 % of the layer thickness.
The CALIPSO orbit inclination of 98 2provides coverage Clouds are generally optically thicker than aerosols and
up to 81.8 N latitude. We grid the daily CALIOP level-2 can significantly, if not completely, attenuate the lidar signal
5 km orbit segments onto & ftitude by 2.5 longitude hor-  and thus reduce CALIOP'’s ability to detect faint features be-
izontal grid for all latitudes poleward of S¥, with 200m  low them. In our study we consider both cloud-free CALIOP
resolution in the vertical. For each grid box we calculate theprofiles as well as profiles above the highest cloud top de-
aerosol detection frequency '), which is the ratio of the tected. In a recent study, Yu et al. (2010) used an alternate
number of detected layers over the sum of detected layersloud-screening method, considering cloud-free profiles and
and clear air. We also extract the backscatfgy §nd ex-  allowing thin cirrus (optical depth<0.1) with cloud base
tinction (bey;) Of the detected layers along with their stan- greater than 7 km. Using 1yr of observations we compared
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L e e e A 2.3 Combining daytime and nighttime data

%] E S
é 510°F /// TN 3 Figure 1 shows the seasonal variation in the number of 5km
§ 5 ’ N E orbit segments over the Arctic (poleward of°6%) along
= 4+10 3 - iSlH g&%ﬁgﬁs \ -3 the night and day sides of CALIOP’s orbit. Daytime orbit
5] i . JA— 61:_71’:N, dayorbits *, E segments dominate between March and September, with no
E 310 N - ST, mightorbis \\,' E nighttime observations at all in May, June and July. If we re-
5} ek RAN N strict the orbit segments to the lower Arctic (61<N), we
g find that over a 7-month period (September to March) the
2 1.10% number of CALIOP daytime and nighttime orbit segments is
e the same. We choose this latitude band to compare daytime

0OF .+ .+ T and nighttime aerosol retrievals for 2006—2012, as shown in

J FMAMJ J A S O ND Fig. 2.
Month

We separate the months of September through November
Fig. 1. Number of CALIOP 5km orbit segments as a function of (SON) and December through March (DJFM) (Fig. 2a, c).
month for the year 2007. Blue lines indicate nighttime retrievals, For both time periods the backscatter of detected aerosols
whereas red lines are for daytime. Solid lines correspond to the latdecreases rapidly with increasing altitude, from 1.5-2Mm
itude interval 62 —71° N and dashed lines are for the region pole- near the surface to values).5 Mm~1 above 6 km altitude.
ward of 6F N. The backscatter of detected layers is similar for daytime and
nighttime orbits, with daytime backscatter being 10-15%
higher than nighttime. We find much larger differences in the
daytime and nighttime aerosol detection frequency (Fig. 2b,
d). For nighttime retrievals, the aerosol detection frequency

results following our approach (“above clouds”) to the Yu et
9 bp ( ) Sdecreases from 20-30% near the surface to valuie%o

al. (2010) approach. We find that the two selection method , . . !
( ) app ! 3 ! above 5km altitude. The daytime detection frequency is al-

yield gridded extinctions that are within 10 % at all altitudes, . . .
but our “above clouds” approach allows us to retain threeWays lower and decreases much more rapidly with altitude,
eaching values<1 % above 2 km altitude. This indicates a

times as many CALIOP layers between 3 and 8 km. In order’

to increase the number of CALIOP observations, our results!“UCh'reducgd ab|!|ty of CALIOP 0 d_etec.t aerosols layers
will be based on the “above clouds” selection method. over the Arctic during daytime, especially in the free tropo-
sphere. We further consider this by examining the ratio be-

tween daytime and nighttime detection frequency (shown as
a black line in Fig. 2b and d). This ratio decreases from val-
ues of 0.4-0.8 near the surface (meaning that during the day
60-20 % fewer aerosol layers are detected than at night) to
During the months of December—February, we found that0.1-0.3 above 4 km altitude. This behavior is the result of the
5% of the time CALIOP retrieved very high values of aerosol rapid decrease of the backscatter with altitude: a higher frac-
extinctions & 300Mm1) poleward of 70N and below tion of the faint aerosol layers at higher altitudes fall below
2 km altitude. This distribution is consistent with the reported CALIOP’s daytime backscatter sensitivity threshold.
frequency of occurrence of diamond dust (Intrieri et al., In order to exclude the possibility that a diurnal cycle in
2004). These anomalously high extinction occurrences couldelative humidity (RH) drives the difference in extinction and
thus be associated with the misclassification of diamond dusaerosol detection frequency between daytime and nighttime
as aerosol in the CALIOP retrieval algorithm. The CALIOP retrievals, we compare the daily average RH for descending
feature classification algorithm employs the measured de{daytime) and ascending (nighttime) orbits for the same spa-
polarization ratio to help discriminate between clouds andtial region and temporal period, using the retrievals from the
aerosols and is designed to classify diamond dust as “cloud’NASA Atmospheric Infrared Sounder (AIRS) onboard the
However, mixtures of aerosols with small quantities of ice A-train AQUA satellite for 1 yr of data (2006—2007). The two
crystals are not infrequent (Bourdages et al., 2009) and capopulations differ in the mean by RH =3 % (daytime higher).
exhibit low depolarization ratios but elevated backscatter re\We find that the random variable representing the standard-
turns (Hoff, 1988). Under these circumstances the depolarized difference of the two means falls within one standard
ization ratio may be ineffective in helping to correctly iden- deviation from zero, indicating that the two RH populations
tify diamond dust. We eliminate these diamond dust eventscan be considered statistically indistinguishable.
misclassified as aerosols by removing aerosol layers with ex- The differences in detection thresholds during day and
tinction values greater than 350 Mrhoccurring below 2km  night affect our ability to reconstruct the full seasonal cycle
between September and May. This results in discarding feweof aerosols over the Arctic, especially between late spring
than 4 % of aerosol layers. and early fall, when daytime orbits dominate (Fig. 1). To ad-

2.2 Diamond dust screening
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Fig. 2. Backscatter of detected aerosol layéasc) and vertical profiles of aerosol detection frequefizyd) for 2006—2012 and latitude
interval 62-71° N. Daytime profiles are shown in red; nighttime profiles in blue. The top panels are for the months of September through
November (SON), while the bottom panels are for December through March (DJFM). The black (Im)eaird (d) shows the daytime-to-
nighttime detection frequency ratigrf / /). The dashed blue line shows the nighttime-equivalent detection frequency.

dress this issue, we have developed an empirical method that
derives a “nighttime-equivalent” gridded extinction; that is,
the extinction that would be retrieved if all retrievals took 1.0 ‘ . .
place under nighttime conditions. We consider the CALIOP /f =014+ 0522

dataset (2006—2012) in the latitude range 62N Tor the
September—March period. For each grid box within the do-
main, we calculate the ratio between daytime and nighttime
detection frequencyy) and the mean backscatter of all de- , °¢
tected layers ). Figure 3 shows the two-dimensional fre-
quency distribution as a function gfand thef—ﬁ ratio. The Y
smallest ratios occur for optically thin aerosols, consistent
with Fig. 2, whereas for optically thicker aerosols the day-
time detection frequency tends to approach the nighttime de
tection frequency. The mean ratio for each backscatter bir

is indicated by black circles in Fig. 3. Despite consider- o0 N SN
0.0 0.5 1.0 1.5 2.0 25

1,/f, Ratio

o

0.2

able scatter in the frequency distribution, the mean ratio falls CopMmTsr)
along a stralght line. The linear total Ieast—squares fit to the MmPerorPonts [ e 0 o 3000 5000

points is%=—0.1l4+0.522ﬁ,withﬁ in Mm~tsri We 3.5 ot of the davt - | detection f
use this empirical relationship to scale the daytime detectior] 9 3 Scatterplot of the daytime-to-nighttime aerosol detection fre-

- quency ratio (p/ fy) as a function of the mean backscatter of
frequency as a function of the mean backscatter of the dethe detected aerosolg, for 61°-71° N latitude from September

tected Iay(_ers by. taking t_he reciprocal of the_detectlon fre'through March, 2006—-2012. Colors represent the number 5 km orbit

quency ratio, which we will refer to as our scaling factor, SF: gegments in each 2-D bin. Black circles correspond to the average
value of (fp/ fn) for each value of mean backscatter. The straight
line is the weighted reduced major axis linear fit to the black circles.

SF=1/(~0.114+0.522. §). 1)

Atmos. Chem. Phys., 13, 7075095 2013 www.atmos-chem-phys.net/13/7075/2013/



M. Di Pierro et al.: Spatial and seasonal distribution of Arctic aerosols 7081

Table 1. Summary of in situ and CALIOP extinctions at Barrow and Alert.

| Station

Barrow Alert
Years 2006-2011 2006-2008
Location 71.3N; 156.6 W 82.5N; 62.5 W
Height 8m 220m
Extinctions | Meant 1o (Mm~1) Correlationr CALIOP Bias | Mean+ 1o (Mm~1) Correlationr ~ CALIOP Bias'
CALIOP StandarB 9.9+11 0.69 —14% 4.6+5.3 0.75 +15%
CALIOP Nighttime-Equivalerkt 11+11 0.68 —2% 5.0+5.2 0.80 +23%
CALIOP Upper Bounfl 23+8.3 0.65 +49 % 194+2.7 0.71 +159 %
In situ 16+9.1 - - 7.3+6.9 - -
In situ with CALIOP threshold 11+9.6 - - 4.0+£5.5 - -

In situ extinction observations are scaled to ambient relative humidity. Three gridded CALIOP extinctions are listed: standard (assuming that clear air has an extinction of
0Mm~1), nighttime equivalent (taking into account the day/night detection threshold and assuming that clear air has an extinction‘gfanklimpper bound (assuming that
clear air has an extinction equal to the CALIOP detection threshold).

2The CALIOP bias is based on the annual mean valuesx1@ALIOP-in situ)/in situ.

b Correlations and biases are calculated against in situ observations with CALIOP threshold applied.

¢ Correlations and biases are calculated against in situ observations without applying CALIOP threshold.

The nighttime-equivalent gridded extinctidry, isthencal- 3 Comparisons of CALIOP extinction retrievals with
culated by combining the nighttime gridded extinction with independent measurements
the scaled daytime gridded extinction:

3.1 Surface in situ measurements
bext= (fN-bextN- NN+ fD-SF-bextp-Np) / (NN+Nb). (2)

We compare the CALIOP extinctions to nephelometer mea-
where the subscripts N and D indicate nighttime and daytimesurements at Barrow (Alaska, USA) and Alert (Nunavut,
bext is the mean extinction of the detected layefsis the =~ Canada) (Table 1 and Fig. 4). Ambient air is drawn into
detection frequency of aerosol layers avids the number of  the nephelometers via a heated inlet, which desiccates the
5 km orbit segments. The scaling factor is kept in the rangeaerosols by decreasing the relative humidity (RH) to val-
1-50, and the scaled daytime detection frequeficySF is  ues below 30%. The cut-off diameter of the inlet nozzle is
capped at 100%. Mean values for SF range from 1.6—-2 a0 pum (Delene and Ogren, 2002; Garrett et al., 2011). The
0—2km to 5.5-6.2 at 4—-6 km. sample volume is then illuminated with green light (550 nm);

In obtaining the scaling factor (Eq. 1), we use the meanthe scattering by aerosol particles is integrated over a broad
backscatter obtained from both daytime and nighttime re—range of angles (7—17Pto yield the scattering coefficient,
trievals on thex axis of Fig. 3. As shown in Fig. 2, the bsca: The absorption coefficienb,d is also measured by
daytime backscatter is 10-15% higher than the nighttimea particle soot absorption photometer at both stations. The
backscatter. Using only daytime backscatter in constructingextinction coefficient is obtained by addigcar and baps
Fig. 3 leads to a much higher scatter and a less statisticallyVhen absorption measurements are not available we assume
robust relationship. The nighttime-equivalent approach asbex = bscat This is a reasonable approximation siggsis
sumes that, for daytime retrievals, aerosols layers betweegenerally less than 5% dfsca: for Arctic aerosols (Delene
the daytime and nighttime detection thresholds have the samand Ogren, 2002). Whereas for Barrow the data is already
extinction as the layers that are detected (Eq. 2). We recdaily averaged, for Alert hourly averages are used, and we
ognize that this results in an overestimate of the correctiorrequire at least eight measurements per day to calculate the
(10-15% during summer and less than 7 % for other seadaily mean.
sons). However, this is small compared to the large values When comparing satellite observations with ground mea-
of the scaling factors (100-300 %). The nighttime-equivalentsurements, a common problem is the coincidence in space
extinction also assumes that aerosols undetected at nighttimend time between surface measurements and satellite re-
have zero backscatter and extinction. trievals. This is particularly exacerbated for CALIOP given

The nighttime-equivalent detection frequenGi-Nn + its narrow footprint. Anderson et al. (2003) demonstrate that
fo-SF-Np)/ (NN + Np) is very close to the nighttime de- at a distance of 160 km spatial correlation between simul-
tection frequency fn) (Fig. 2b, d), indicating that the linear taneous measurements has decreased to a value of 0.8, and
fit derived in Fig. 3 is reasonable and produces self-consisteribeyond this distance the correlation rapidly falls. We thus ex-
results. In the next section, we compare CALIOP extinctiontract CALIOP extinctions in boxes around Alert and Barrow
retrievals and our empirical nighttime-equivalent extinctions with mean distances from the stations of 170 km and 200 km,
to ground-based and aircraft observations over the Arctic. respectively. The box size is a compromise between the need
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pollution aerosols (Quinn et al., 2002), we chogse 0.57,
corresponding to polluted marine. We use the sanvalue
at Alert.

For comparison with CALIOP, we also examine the im-
pact of applying CALIOP’s nighttime backscatter sensitiv-
ity threshold to the ambient in situ observations by setting
to zero all measurements below the threshold. The extinc-
tion threshold is calculated by multiplying the backscatter
threshold by a lidar ratio of 40 sr, which is the mean value of
the lidar ratio used by the CALIOP algorithm for both Alert
and Barrow. Application of this threshold leads to a 30 % de-
crease in annual-mean observed extinction at Barrow (from
16 to 11 MnT1) and a 45% decrease at Alert (from 7.3 to
4.0Mm1) as shown in Table 1.

Figure 5 and Table 1 compares in situ observa-
tions at Barrow (2006—2011) and Alert (2006-2008)
to CALIOP nighttime-equivalent extinctions. At Barrow,
the annual-mean CALIOP nighttime-equivalent extinction
(11+11Mm1) is 30% lower than in situ observations
Fig. 4. Arctic map with the location of observations used in this (16+9.1 Mm_l). Applying the CALIOP detection thresh-
study. Red circles indicate the ground stations: (1) Barrow, (2,4 to in situ observations (9.6 Mm—l) yields much bet-
Alert and (3) Eureka. The ARCTAS DC-8 (green) and P-3 (blue) ter agreement and reduces the CALIOP bias &%6. Simi-

flight tracks during April 2008 are also shown. The two regions en- lar results are found at Alert, where the nighttime-equivalent
closed by red lines are the domains where CALIOP is compared to ' RN 9 q .
) displays a 23 % posi-

ARCTAS measurements: Canadian Arctic (CAR) and Alaska (AK). QALI.OP extinction (5',&1: 5'2 Mm X L
Grey lines define the four Arctic sectors used in this study: Euro-1ive bias compared to in situ observations after application of

pean (EUR), Asian (ASIA), North American (NAM) and Atlantic the CALIOP detection threshold (4495.5 Mm™™).
(ATL). At Barrow, CALIOP captures the seasonal cycle observed
by a ground-based nephelometer, with a maximum in ex-
o o ) tinction in December—February and a minimum in May—
for a statistically sufficient number of CALIOP points and ayqust (Fig. 5a and b). The correlation coefficient between
the ability of the station to effectively represent the surround-the monthly mean in situ and CALIOP nighttime-equivalent
ing region. The box around Alert is smaller in size becausegytinction is r = 0.68. Interannual variability is relatively
more CALIOP overpasses occur in the vicinity of this high- smail. Quinn et al. (2002) found that the light extinction sea-
latitude station relative to the lower latitude of Barrow. These sona) cycle at Barrow is controlled by sea salt in October—
box sizes are also consistent with the temporal resolution (3anyary, associated with influx from the northern Pacific
day) and the maximum temporal offset between in situ 0b-gcean, and by non-sea-salt sulfate in March-June, caused
servation and satellite overpasses3) assuming a typical  py the transport of pollution from midlatitude sources. In the
horizontal transport velocity of 5n7s. In order to compare  symmer, efficient wet scavenging and reduced inflow from
CALIOP and in situ measurements, we require a minimumpyjq|atitudes leads to a minimum. At Alert, CALIOP also
of ten 5km CALIOP orbit segments in any given day. We reproduces the observed seasonal cycle, with an extinction
use the CALIOP gridded extinction for the two lowermost aximum in November—March and a minimum in June—
vertical levels (0-400 m). _ o September. In summer, aerosol extinctions decrease to values
For comparison to CALIOP, we adjust the in situ dry that are often well below the detection limit of CALIOP.
aerosol scattering measurements to ambient RH following \\e note that the CALIOP extinctions tend to underes-

Gas$ etal. (2000): timate in situ observations during spring (March-May) by
100—RH \ 7 37 % at Barrow and 63 % at Alert (Fig. 5b and d). This is un-
bscatamb = bscatdry (mo) (3) likely to be related to our assumption of a constanrt 0.57

in the conversion of in situ extinctions to ambient RH. For
where RH is the relative humidity of the dry samples (30 %) example, usingyr = 0.35 during the March—May period, re-
and RH is the ambient relative humidity, which is obtained flecting less hygroscopic biomass burning aerosols, would
from AIRS satellite retrievals around the stations. The pa-only slightly reduce the CALIOP underestimate (Barrow:
rametery is the hygroscopicity factor and is a function of the 28 %; Alert: 56 %).

aerosol type. Gasst al. (2000) report average values of 0.23 We also examine the impact of not taking into account
for dust, 0.57 for polluted marine and 0.69 for a clean marinethe night—day difference (SF=1) and define the “stan-
aerosol. Since aerosols at Barrow are a mixture of sea salt andfard extinction” by setting clear-air extinction to 0 M
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Fig. 5. Comparison between monthly mean CALIOP 532 nm and in situ 550 nm extinctions at Barrow (top row) and Alert (bottom row).
Left panels & andc): Black full circles indicate the in situ monthly mean extinctions, with vertical bars indicating one standard deviation of
the daily observations. The in situ extinctions are scaled to ambient RH. The blue line shows CALIOP nighttime-equivalent mean extinction,
with grey shading indicating the envelope of CALIOP retrievals (see text). Right pdnatei(l): CALIOP 2006—2012 climatological mean
extinction (blue line: nighttime-equivalent; grey shading: CALIOP envelope) are compared to the in situ seasonal mean extinction (black
line). For Barrow the in situ climatological mean extinctions are for year 2006—2011, but for Alert we use years 2004—2008.

(see Table 1 and Fig. 5, lower bound of the grey en-tion of the scattering coefficient at ambient RH, as described
velope). We find that there is little difference between in Shinozuka et al. (2011). The total extinction at 550 nm is
the CALIOP standard extinctions (Barrow: %91 Mm1; obtained by adding the scattering coefficient at ambient RH
Alert: 4.6+ 5.3 Mm™1) and nighttime-equivalent extinctions to the single-particle soot photometer absorption measure-
(Barrow: 11411 Mm%, Alert: 5.0+5.2Mm 1) because ments (Clarke et al., 2004).
the annual mean values are dominated by the winter maxima In analyzing ARCTAS April 2008 measurements we
which occur under nighttime conditions. As we will see in consider two regions: the Canadian Arctic (CAR: 72.5—
Sects. 3.2 and 3.3, the difference between the two estimate®2.5° N, 62.3-162.3W) and Alaska (AK: 59.8-73°,
is more pronounced at higher altitudes, where the aerosol lay127.9-171.8W), as shown in Fig. 4. Thick aerosol plumes
ers are less dense. (with CO> 200 ppbV 0eyx> 150 Mm1) are excluded from
Our calculated CALIOP nighttime-equivalent extinctions the ARCTAS dataset. We calculate the CALIOP mean ex-
at Barrow and Alert represent a lower bound of the truetinction profiles for these two regions on the days when
extinctions, as we assume that when no layer is detecteflights took place (9 DC-8 flights and 7 P-3 flights over
by CALIOP, the extinction is 0Mm!. We calculate an AK; 5 DC-8 flights and 2 P-3 flights over CAR). Bian et
upper-bound CALIOP extinction at these stations by set-al. (2013) demonstrated that the ARCTAS measurements
ting SF=1 and the extinction of clear air to a value equalalong the flight track were representative of regional averages
to the appropriate (day or night) CALIOP detection thresh-during spring 2008. Figure 6 shows the in situ extinction pro-
old (see Table 1 and Fig. 5, upper bound of the grey envefiles observed during the April 2008 ARCTAS deployment
lope). These upper-bound gridded extinctions overestimat@ver the AK region. The largest extinctions are observed near
the in situ annual-mean extinction by 50 % at Barrow (up- the surface (20-30 Mm') with a secondary maximum at 3—
per bound: 23 Mm?; in situ: 16 MnT 1) and 160% at Alert ~ 4km. Over the CAR region, the surface maximum reaches
(upper bound: 19 Mm?; in situ: 7.3MnT1). At Alert the lower values (Fig. 7), but the profile also displays a secondary
seasonal cycle of the upper bound is weaker compared to imaximum in the mid-troposphere.
situ observations. In situ observations are much closer to the We compare observed in situ extinctions to the CALIOP
nighttime equivalent in the summer, showing that the true ex-80 km sensitivity thresholds (Fig. 6). In order to convert the
tinction of the undetected layers is much below the sensitivityCALIOP backscatter threshold to extinction, we use a lidar

threshold. ratio of 60 sr, which is representative of the smoke aerosols
_ prevalent during ARCTAS (Burton et al., 2012). We find
3.2 ARCTAS aircraft measurements that 83% of the ARCTAS observations in spring are be-

) ] low the CALIOP nighttime sensitivity threshold (AK: 76 %;
During the NASA ARCTAS campaign, nephelometers on- car: 96 9%). CALIOP would thus only be able to detect the

board the DC-8 (Anderson et al., 1998) and P-3 aircraft (An-strongest haze events. Figure 7 displays the in situ mean ex-
derson and Ogren, 1998) measured aerosol scattering coeftiyction profiles with the CALIOP 80 km nighttime backscat-

cients at 550 nm. Concurrent measurements of the scattering, sensitivity threshold applied (extinction measurements
enhancement factor and ambient RH allow for the calcula-
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Fig. 6. ARCTAS mean extinction profiles for April 2008 over the AK domain shown in Fig. 4 for the [}&)-8nd P-3(b) aircraft platforms.

The ARCTAS 1 min average measurements are shown with grey dots, whereas their altitude-binned mean is shown with a dashed black line
All measurements are corrected to ambient RH. The CALIOP daytime and nighttime extinction detection thresholds are also shown with a
red and blue dashed line respectively, assuming a lidar ratio of 60 sr (see text).

1o R APl 2008, aska (P-3) __ the nighttime-equivalent CALIOP profiles (blue lines) ex-

. , Egggﬁﬁ;ﬁ%iéc;\l.\opm,)‘ hibit extinction values up to 7-8 Mnt. Over Alaska, the
- - \ T CAHOPNEq CALIOP nighttime-equivalent mean extinction profile has a
< <o 1 shape that is similar to the in situ observations with thresh-
g ;é af 1 old applied: high values near the surface and a secondary

] maximum at 3—6 km (Fig. 7a, b). The CALIOP nighttime-
equivalent is 20 % lower than in situ measurements, with a

0 o 15 20 25 % 0 5 10 15 20 25 30 column AOD of 0.05 (in situ observations after threshold:
Aerosol Extinction (Mm™) Aerosol Extinction (Mm™) ) . B .
v o _ o 0.065). Over the Canadian Arctic (Fig. 7c, d) aircraft obser-
c. April 2008, Canadian Arctic (DC-8) d. April 2008, Canadian Arctic (P-3) . - .
O 10 vations were much sparser. In addition, the measured extinc-
8f 1 8 t ] tion was lower than over AK, causing even fewer points to
’ \ N . . ) .
€ d £ K ] survive the application of CALIOP’s threshold. Despite these
g, g, limitations, CALIOP reproduces to some extent the shape of
< < 3] the profiles. We note that for the summer ARCTAS deploy-
v “ . .
2 e 1 ZN N ] ment, observed extinctions are so low that they are below
S L S S CALIOP’s threshold all the time, and are thus not shown
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Aerosol Extinction (Mm™) Aerosol Extinction (Mm™) here.

Fig. 7. Comparison between CALIOP and ARCTAS mean extinc- _ _ _
tion profiles for the DC-8 and P-3 flight days over AK, byand 3.3 High spectral resolution lidar at Eureka, Canada
CAR (c, d) in April 2008. In situ aircraft profiles of extinctions

are shown with (solid black line) and without (dashed black line) We compare CALIOP backscatter retrievals with the

the CALIOP nighttime threshold applied. The red line shows the backscatter measured by the high spectral resolution li-
CALIOP standard (daytime) mean extinction profile, whereas a blue
N T . L ) dar (HSRL) at Eureka, Nunavut, Canada (80NQ 86.0 W,
line indicates the nighttime-equivalent mean extinction profile.

10 m a.m.s.l.). The University of Wisconsin has operated this
lidar since 2006 (Eloranta et al., 2006). A millimeter cloud
radar also operates at the site, and we use its backscatter
corresponding to values of backscatter below this thresholdeturn to mask out clouds and precipitation. The lidar is
are set to zero). The resulting observed extinction profilealigned 4 off the zenith to avoid reflection from horizon-

is significantly reduced, with column-integrated AOD de- tally oriented ice crystals (HOI). In computing the HSRL
creasing by 45 % over Alaska (from 0.12 to 0.065) and bymean profile we consider only clear-sky profiles for the Jan-
90 % over the Canadian Arctic (from 0.065 to 0.007). The uary to April period of 2007—-2009. We exclude the months
retrieved daytime CALIOP extinction profiles during ARC- of April 2007 and January—February 2008 because of data
TAS (red lines) have very low extinction values, typically be- quality issues related to instrumentation failures. To discrim-
low 5 Mm~1 over Alaska and below 2 Mt over the Cana-  inate aerosols from other atmospheric scatterers, we apply a
dian Arctic. After we apply our scaling factor (Sect. 2.3), linear depolarization threshold of 10 %. This value is con-
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8 T T T
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y — — Eureka HSRL w/o CALIOP th.
e Alert Neph. w/ CALIOP th. (LR=40)

Mar—Apr 73 % of the vertically integrated backscatter below 1km in
o winter (HSRL with sensitivity threshold: 70 %), whereas this
fraction decreases to 35% in spring (HSRL with sensitivity
threshold: 46 %).

The CALIOP systematic underestimate could be due to the
fact that too many aerosol layers above Eureka have extinc-
tions below the CALIOP detection threshold, as was found in
our ARCTAS comparison over the Canadian Arctic (Fig. 7c,
d). There could also be potential issues with our retrieval of
aerosol backscatter from the HSRL measurements. When we
compare the HSRL backscatter to ARCTAS observations in
e VR P Erymrr April 2Q08 _above Eureka by assuming a lidar ratio of 60 sr

" Backscatter (Mm-' sr) " Backscatter (Mm-' sr) for the in situ measurements, we find that HSRL measure-

ments are a factor of 2 higher than in situ measurements, at
Fig. 8. Vertical profiles of 180 backscatter observed by the ground- || altitudes (not shown). Furthermore, the HSRL backscatter
based HSRL at Eureka, Nunavut, Canada (88L086.0 W) for 465 at the surface are a factor of 2 higher than the ambi-
January—February (left panel) and March—April (right panel) 2007—¢ 4 o1 catter measured at the nearby station of Alert for

2009. The HSRL backscatter profiles with (solid black line) and . . .
without (dashed black line) the CALIOP nighttime threshold ap- 200/ ~2008 (Fig. 8). Though the reason of this overestimate

plied are compared to the CALIOP nighttime-equivalent backscat-'slnOt C"?aﬂ we hypothesme t_h,at, the presence of ice crystals
ter (blue line) and standard backscatter (red line). The mediarMixed with aerosols might artificially elevate the backscatter
aerosol backscatter measured at the nearby station of Alert is obretrieved by HSRL.
tained by dividing the measured extinction by a lidar ratio of 40sr,  In summary, our comparison of CALIOP retrievals with
and is shown with and without the CALIOP threshold. independent measurements of aerosol extinction demon-
strates that when we take into account the CALIOP sensi-
tivity threshold, the retrieved nighttime-equivalent extinction
sistent with previous measurements of aerosol depolarizaeaptures in situ observations to within 25% in most cases.
tion ratio at Eureka (Ishii et al., 2001). While aerosol extinc- At the surface, CALIOP reproduces the seasonality of Arc-
tions are also retrieved by the Eureka HSRL, the values ardic aerosols as observed at Barrow and Alert. In the free
very noisy because of the very small field of view of the re- troposphere, CALIOP reproduces the vertical distribution of
ceiver. We thus choose to compare the HSRL backscatter taerosol layers and their seasonal variations as illustrated by
the CALIOP backscatter, averaged withinl® latitude and  our comparisons to ARCTAS aircraft profiles and HSRL pro-
4 5° longitude centered at Eureka, resulting in an averagdiles above Eureka. As a result of this sensitivity threshold
distance with the satellite footprint of less than 110 km. and the low extinctions of aerosols over the Arctic, only a
Figure 8 shows CALIOP and HSRL vertical profiles of fraction of the column AOD can be retrieved by CALIOP
aerosol 180 backscatter for January—February (JF) andover the Arctic (e.9./~30% for AK and~15% for CAR
March—April (MA). In JF, HSRL measurements show a max- in spring; see Sect. 3.2). Exactly how much depends on the
imum of 0.8MnT1sr ! below 1km, where 40% of the column aerosol loading and the vertical distribution of ex-
column-integrated backscatter resides (dashed black line, lefinction.
panel). In MA the column-integrated backscatter is 40 %
higher than in JF. The bulk of this enhancement in backscat-
ter (> 85 %) occurs above 1 km. This seasonal change in thd Results

aerosol vertical distribution is indicative of enhanced aerosol . N . L
. ) 4.1 Pan-Arctic surface extinction maximum in winter
influx in the free troposphere.

Applying CALIOP’s nighttime sensitivity threshold to the Figure 9 shows the mean seasonal cycle of CALIOP
HSRL measurements leads to a mean 10-15% decrease jfiitime-equivalent extinction in the lower (0-2 km), mid-

backscatter below 1km and a larger .(50—.75 %) dpcreasae (2-5km) and upper troposphere (5-8 km) over the Arc-
above 1km (black solid line). The nighttime-equivalent . for 2006-2012. The Arctic is divided into Low Arctic

CALIOP backscatter reproduces the shape of the profiles bu(59_69 N) and High Arctic (69-82N). We consider four

is systematically too low by a factor of 2—-8 below Skm. We ¢otors: European (EUR, 10-2H), Asian (ASIA, 110 E—
find that the nighttime-equivalent backscatter qualitatively 1 4 W), North American (NAM, 140—60W) and Atlantic
reproduces the MA mid-tropospheric backscatter enhance(ATL, 60° W-10° E) (see Fig. 4). These sectors are intended

ment (blue line, right panel), whereas the standard backscagy capture the typical transport pathways for short-lived pol-

t_er shows values simi_lar to th_o_se _observed in JF (red lineytants (5-8 days) following the Lagrangian trajectory stud-
right panel). The vertical partitioning of aerosol backscat-oq of Eckhart et al. (2003) and Stohl et al. (2002).
ter is consistent between the two sensors: CALIOP observes

Altitude (km)
Altitude (km)
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Fig. 9. Seasonal cycle of monthly CALIOP aerosol nighttime-equivalent extinction at 0—-2 km (top panels), 2-5 km (middle panels) and 5-
8 km (bottom panels) averaged over 2006—2012. Left pdaets e)are for the High Arctic (59-69° N); panels on the rightb, d, f) are for

the Low Arctic (69—-82 N). The black line corresponds to the mean extinction for the entire High and Low Arctic regions, while colored
lines are for the individual Arctic sectors defined in Fig. 4.

In the High Arctic at 0—-2 km (Fig. 9a), CALIOP extinc- Low Arctic, there is no clear seasonal cycle. This lack of sea-
tions vary from a minimum of 2Mm! to a maximum of  sonality comes from the out-of-phase seasonal cycle in the
16 Mm~1 with an annual mean of 9 M. The seasonal cy-  Atlantic sector compared to the other sectors. In the Euro-
cle is the same as at Barrow and Alert with a December—-pean, Asian and North American sectors there are two max-
March maximum, followed by a sharp decline and a sum-ima: one in December—January and another in July. The sum-
mer minimum, in agreement with the well-known season-mer peak is consistent with measurements of particle number
ality of Arctic haze. All four sectors display the same sea-and volume concentration in the planetary boundary layer
sonal cycle. The largest extinctions are observed in the Euroat the Zotino Tall Tower Facility (ZOTTO) in the Siberian
pean sector during the winter—spring period, consistent with_ow Arctic (60.8 N, 89.3% E), which show a June—July
early studies identifying the European/Russian Arctic as themaximum in median particle number concentration (June—
most polluted Arctic sector because of its proximity to west- July: 900 cnm3; November—February: 520 crd) and com-
ern Eurasian sources (Rahn and Lowenthall, 1984; Raatz anparable volume concentrations between summer and winter
Shaw, 1984; Barrie et al., 1989). This finding is also con- (Heintzenberg et al., 2011). In the Atlantic sector, the season-
sistent with the recent modeling intercomparison study ofality is reversed with a summer minimum and a December—
Shindell et al. (2008), who found that all atmospheric chem-March maximum, corresponding to elevated sea salt aerosol
ical transport models point to western Eurasia as the largestoncentrations generated by high winds during winter (see
source region of aerosols and St low altitude. CALIOP  Sect. 4.2).
observations show that the Asian sector displays slightly Figure 10 shows the seasonal mean (2006—2012) hori-
lower values relative to the European sector, followed by thezontal distribution of CALIOP extinction for different alti-
North American sector. The Atlantic sector is the cleanesttude ranges. The main feature in the lower troposphere is
with wintertime extinction values nearly a factor of 2 lower the large-scale winter (DJF) maximum in extinction (25—
than over the European sector. 40 Mm~1) extending throughout northern Russia. This en-

The Low Arctic at 0-2km (Fig. 9b) displays higher hancement is associated with low-level transport of pollu-
CALIOP extinctions (annual mean: #43Mm~1) than the  tion aerosols induced by the meridional circulation along
High Arctic. When extinctions are averaged over the entirethe Siberian anticyclone (Barrie, 1986). An enhancement
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Fig. 10. Spatial distribution of the 2006-2012 seasonal mean CALIOP nighttime-equivalent extinction. Maps are shown at 0—2 km (top
panels), 2-5km (middle panels) and 5-8 km (bottom panels) for winter (DJF), spring (MAM), summer (JJA) and autumn (SON). Note that
the color scale saturation values are lowered at higher altitudes. Dashed lines markkhane080 N latitude circles.

in extinction is also seen over the central Russian Arctictic. This July peak is associated with the summertime maxi-
(5-7Mm1) at 2-5 km, which could indicate that a fraction mum in forest fire emissions in the boreal regions of Asia and
of Eurasian pollution is lifted into the free troposphere by North America (van der Werf et al., 2006) as well as with a
cyclones moving along the western periphery of the Siberiarmaximum in fire intensity (Giglio et al., 2006; Ichoku et al.,
anticyclone (Raatz and Shaw, 1994). Another winter surface2008). Indeed, we find that the CALIOP classification algo-
maximum is located over the Norwegian Sea and is due to sedthm identifies most of these aerosols layers as “smoke” (not
salt aerosols produced by the strong wind speeds (Fig. 10shown).

During spring at 0—2 km, extinction values decrease across The summer surface peak in the Low Arctic appears to
the entire Arctic, reaching 5-15 Mm in the High Arctic. extend to the middle troposphere (Figs. 9d and 10), indicat-
Figure 11 shows the mean nighttime-equivalent extinctioning efficient vertical mixing of boreal forest fire emissions,
vertical profiles by sector and season for the Arctic polewardand a variety of smoke injection heights. This is also re-
of 65° N. Extinction peaks in the lowest 0.5km in all sec- flected by the shape of extinction profiles in summer, which
tors and seasons but is highest in winter, with mean valueslisplay a convex shape in all land sectors (Fig. 11). At 0—
of 40 Mm™1 for the European sector, and 30 Mnfor the 2km in July, CALIOP extinctions over the European sector
Asian and North American sectors. Because of the strongexceed the extinctions in the Asian sector (Fig. 9b). This is
stratification of the lower atmosphere in winter and late au-reversed at 2-5 km altitude, where we find larger extinction
tumn, extinction drops rapidly with altitude in these seasons.enhancements in the Asian sector compared to the European
In both winter and autumn, two thirds of the column AOD is sector (Figs. 9d, and 10). Retrievals of smoke plume height

found below 1 km. from space by the Multi-angle Imaging SpectroRadiometer
(MISR) over North America show that plumes originating

4.2 Summertime extinction maximum in the Low from the burning of boreal forests and shrubland are gener-

Arctic due to biomass burning ally thicker, longer and more elevated than those found over

regions characterized by temperate forests (Val Martin et al.,
2010). In the Asian and North American sectors, significant

As noted in Sect. 4.1, CALIOP observes high aerosol ex- ! o X i
burning takes place within the Arctic, and involves the burn-

tinctions in July in the lower troposphere over the Low Arc-
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. 4.3 Summertime extinction minimum over the High
i EUR Arctic: efficient scavenging and slow transport

\—— Summer] During summer over the High Arctic, CALIOP extinctions
display the lowest aerosol loading (Fig. 9a, c, €). This oc-
curs at all altitudes and for all sectors, as also illustrated in
Fig. 11. However, in the Low Arctic, extinction reaches an
annual maximum during the summer (Sect. 4.2; Fig. 9b, d).
This leads to a strong meridional gradient in aerosol extinc-
tion between 60N and 70 N (Fig. 10).

These very low summertime extinctions over the High
Arctic could be associated with efficient wet scavenging that
takes place during transport from lower to higher Arctic lat-
itudes. Indeed, the modeling study of Browse et al. (2012)
found that summertime stratocumulus drizzle causes a fac-
tor 10 decrease in sulfate concentrations at the surface be-

; - > tween 60N and 70 N. Matsui et al. (2012) examined the
01 ng(t’mctigr-lo(?wm_ﬂ)o-oo transport efficiency to the Arctic of BC relative to CO, con-
trasting spring and summer. They found a factor of 17-20
NAM decrease in the BC transport efficiency between spring and
] summer, which was due to higher precipitation over the lat-
] itudes 45—70N during summer. In addition to efficient wet
removal, the poleward withdrawal of the polar front is also
likely to play a role in preventing transport to the High Arc-
] tic in summer since the Arctic landmasses constitute a heat
- source rather than a heat sink (Stohl, 2006). Furthermore, the
01 010 1.00 10.00 combination of low aerosol burden and CALIOP’s high day-
Extinction (Mm™) . .
time detection threshold leads to very few aerosol layers be-
) ATL ing detected in the summer, and might thus further exacer-
g ] bate the CALIOP aerosol extinction gradient between Low
] and High Arctic.

Altitude (km)

01 010 1.00 10.00
Extinction (Mm™)

Altitude (km)

Altitude (km)

Altitude (km)

4.4 Springtime aerosol extinction maximum in the
P middle and upper troposphere
01 0|-E1X(:mcﬁo1r-]0((’)wm_])0-00 In the High Arctic middle troposphere (2-5km), the
CALIOP extinction maximum occurs in March (0.9-
Fig. 11. Mean seasonal vertical profiles of CALIOP nighttime- 2.3Mm™1), with values a factor 2-3 higher than the annual
equivalent extinction for the four Arctic sectors poleward of 85  average (Fig. 9c¢). At higher altitudes (5-8 km), the peak oc-
(from top to bottom): European, Asian, North American, Atlantic. curs in April, reaching values of 0.4—1.3 Mrh (Fig. 9e).
We thus see a progressive shift of the extinction maximum
with altitude, from January at 0—2 km, to March at 2—5km,
ing of boreal forests. In the European sector on the otheko April at 5-8 km. The springtime middle and upper tropo-

hand, emissions maximize at lower latitudes (45-8Pand  spheric enhancement is apparent in the extinction profiles as
altitudes, where the dominant biome consists of temperatyell (Fig. 11).

forests and grassland, and is characterized by fuel loads that This Arctic spring maximum in the middle and upper tro-
are a factor 10-20 lower than those found in the boreal re-posphere is consistent with meridional transport of po||u-
gions (Van der Werf et al., 2006). This contrast in vegetationtion from midlatitudes along stable isentropes (Stohl, 2006;
burned and burning helghts could thus explain the different|(|onecki et al., 2003). Late winter to early spring marks
vertical distribution of aerosols in the Low Arctic for differ- 3 maximum in cyclonic activity (Klein, 1958; Chen et al.,
ent sectors. 1991). Cyclones ventilate the planetary boundary layer and
inject pollutants into the free troposphere, where they can
be rapidly transported over large distances. Once in the free
troposphere, a blocking pattern represents a favorable config-
uration for rapid isentropic poleward transport (lversen and
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Fig. 12. Timeseries of 5-day-mean nighttime-equivalent CALIOP extinction as a function of altitude for the four Arctic sectors poleward of
65° N. Grey vertical bars indicate CALIOP data gaps.

Joranger, 1985; Di Pierro et al., 2011). The January to Marckconcentration at 4-6 km between February and May during

period exhibits the highest frequency of blocking patterns inTOPSE. The late spring maximum was also reported by Tr-

the Northern Hemisphere (Lejenas and @kland, 1983). effeisen et al. (2006) based on the SAGE satellite retrievals.
We find high springtime extinctions over most of the Rus- They attributed it to increased transport from the midlatitudes

sian and Alaskan Arctic at 2-5km (Fig. 10). This is consis- at this time of year.

tent with outflow from East Asia. In a previous study using

CALIOP observations and a chemical transport model, we#.5 Interannual variability

examined several Asian long-range transport events reaching .
the Arctic 3—4 days after export from the boundary layer (Di ~MONd the factors that affect aerosol mass concentration

Pierro et al., 2011). Transport occurred at 3—6 km following gvariability on interannual timescales, transport and emissions

strongly southerly pathway over eastern Siberia and Alaskal@ve been found to play the greatest role and account for

Spring is also the season when the occurrence frequency of> % ©Of the observed variability at the surface in the High
dust storms is maximum in East Asia (Shao and Dong, 2006)Canadian Arctic (Gong et al., 2010). Biomass burning emis-
In particular, dust lifted from the Taklimakan Desert follows SIONS display a strong interannual variability, especially in
a northwestward route and is injected at altitudes above 5 kn?0réal environments (van der Werf et al., 2006). Episodic
(Sun et al., 2001; Yumimoto et al., 2009). Asian dust could volcanic eruptions at high latitudes can also contribute to the

thus potentially reach the Arctic upper troposphere during?aniability in aerosol loading. Changes in meteorology can
spring. Indeed, we find that the upper tropospheric Apr”_affect the efficiency of transport to the Arctic from midlati-

May CALIOP extinction maximum is particularly strong in tudes, but also the scavenging efficiency en route.
the Asian sector (Figs. 9 and 10). Figure 12 shows a time series (5-day mean) of CALIOP

Our results are consistent with observations obtained dur€Xtinction as a function of altitude for the four Arctic sectors
ing the TOPSE aircraft campaign, showing increasing fine-Peléward of 68N, while Fig. 13 shows the monthly variation
particle sulfate mixing ratios with altitude as the season pro-N CALIOP extinctions over the High and Low Arctic for

gressed from February to May over the North American secthe six individual years in our record. There appears to be

tor (5° N-86° N) (Scheuer et al., 2003). Similarly, Brow- relatively little interannual variability near the surface, with
ell et al. (2003) found a 5-fold increase in aerosol numberligher variability in the middle and upper troposphere.
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Fig. 13.Same as Fig. 9, but colored lines are for CALIOP nighttime-equivalent extinction for individual years between 2006 and 2012. The
black lines correspond to the 6-year average (2006—2012) seasonal cycle of extinction.

In the middle and upper troposphere, spring of 2008 standshe June 2009 Sarychev volcano eruption in the Kuril Islands,
out with much larger CALIOP extinctions relative to the Russia (Kravitz et al., 2011).
multiyear mean. These anomalously high aerosol extinctions Particularly low extinctions are observed by CALIOP in
were caused by smoke produced during wild and agriculturaNovember 2009—May 2010 in the High Arctic throughout the
fires in Russia and Kazakhstan (e.g., Warneke et al., 2009yoposphere (Fig. 13, left column). This was followed by a
Fuelberg et al., 2010). July 2010 displays some of the largesperiod with higher extinctions in November 2010-May 2011.
summertime extinctions observed by CALIOP (Fig. 13). The Variations in atmospheric circulation seem to have controlled
enhancements took place over the European and Asian Ardhese changes. During the first period, the Arctic Oscillation
tic (Fig. 12), and are consistent with the wildfires that oc- (AO) and the North Atlantic Oscillation (NAO) reached an
curred throughout western Russia during the 2010 heat waveunusually strong minimum in the winter of 2009-2010 (Co-
Witte et al. (2011) reported that Moderate Resolution Imag-hen et al., 2010; Seager et al., 2010). Both indices describe
ing Spectroradiometer (MODIS) AOD and fire counts over a redistribution of atmospheric mass between the Arctic and
that region during July and August 2010 were a factor ofthe subtropics, with the positive phases of AO/NAO associ-
~7-8 larger with respect to their 2002—2009 average. ated with lower than usual sea level pressure over the Arc-

Figures 12 and 13b illustrate the influence of the Augusttic and higher sea level pressure over the North Atlantic.
2008 Kasatochi volcanic eruption in the central Aleutian Is- These very strong negative values were maintained for most
lands, Alaska. The plume of the Kasatochi eruption reacheaf 2010, and then starting in late 2010 both indices increased,
the lower stratosphere, with smaller plumes reaching up taeaching positive phases of AO and NAO in spring 2011
18-20 km (Martinsson et al., 2009), followed by mixing sub- (http://www.cpc.ncep.noaa.gdv/The changes in these in-
sidence. As can be clearly seen in Fig. 12, the Kasatochdices track changes in CALIOP extinctions, with reduced
sulfate aerosol plume appears in the Arctic lower strato-transport with low aerosol extinctions during negative phases
sphere/upper troposphere in August 2008 and then slowlyf the NAO/AO and enhanced transport with high aerosol
descends down to 6—7 km altitude, with an extinction maxi-extinctions during positive phases of the NAO/AO. This is
mum occurring at 5-8 km in the High Arctic in October 2008 consistent with the findings of Eckhart et al. (2003) and
(Fig. 13e). Figure 12 also exhibits a small aerosol extinctionDuncan and Bey (2004), who showed that positive phases
enhancement in September—October 2009 at 8—10 km, whichf the North Atlantic Oscillation (NAO) and Arctic Oscilla-
we link to subsidence from the lower stratosphere following tion (AO) promote enhanced pollution transport to the Arctic

Atmos. Chem. Phys., 13, 7075095 2013 www.atmos-chem-phys.net/13/7075/2013/


http://www.cpc.ncep.noaa.gov/

M. Di Pierro et al.: Spatial and seasonal distribution of Arctic aerosols 7091

from Europe and North America, particularly in winter and The summer enhancements are due to transport of biomass
spring. burning aerosols from boreal forest fires. During summer,
CALIOP extinctions display a sharp drop betweefi BGand
7C° N. This gradient is likely the result of enhanced wet de-
5 Conclusions position combined with reduced transport from midlatitudes
as the polar front retreats poleward.
We present a 6-year altitude-resolved distribution of aerosol There is a progressive shift of the CALIOP extinction
extinction over the Arctic, retrieved from the CALIOP lidar maximum with altitude, from January at 0—2 km, to March
onboard the CALIPSO satellite between June 2006 and Mayt 2-5km, to April at 5-8 km. The springtime peak extinc-
2012. As the lower CALIOP detection sensitivity during day- tion in the middle and upper troposphere is consistent with
time significantly impacts the retrieval of optically thin Arc- increased isentropic transport of pollution exported from the
tic aerosol layers, we developed an empirical methodologyboundary layer by midlatitude cyclones. Meridional trans-
to take into account this sensitivity, allowing for us to recon- port is favored by blocking patterns, which maximize in
struct the full seasonal cycle of Arctic aerosols through theJanuary—March. The Asian sector shows the highest extinc-
definition of a nighttime-equivalent extinction. tions in the middle and upper troposphere as cyclones and
We compared the CALIOP nighttime-equivalent extinc- blocking patterns become more frequent in spring, favor-
tion to in situ measurements of aerosol extinction at Barrowing the uplift and northward transport of pollution from East
(Alaska) and Alert (Canada). CALIOP was able to reproduceAsia. Enhanced mineral dust transport from the deserts of
the observed magnitude of the extinction to within 25 % andnorthern China and Mongolia could also be contributing.
captured the seasonal variation at both sites. The nighttime- Widespread agricultural fires in Russia and Kazakhstan
equivalent extinction was also compared to extinction pro-took place during spring 2008, when CALIOP extinctions
files measured during the NASA ARCTAS aircraft campaign displayed anomalously high extinctions in the midtropo-
in April 2008. Roughly 80 % of the measurements fell below sphere compared to the 2006-2012 seasonal mean. The high-
CALIOP sensitivity threshold, more so in the Canadian High est extinction anomaly in the summer record is linked to the
Arctic (96 %) than over Alaska (76 %). When the CALIOP intense wildfires that broke out in western Russia in July
sensitivity threshold was applied to in situ measurements, th010. A protracted period of below-average extinctions was
observed column AOD was reduced by 50 % and we foundobserved from August 2009 through May 2010 in the low
that CALIOP nighttime-equivalent extinction reproduced the and middle troposphere, which we link to a persistent and
altitude of the observed extinction maxima, while capturing strong negative Arctic Oscillation event.
80 % of the column AOD. Our understanding of the processes controlling the emis-
Additionally, we used the HSRL at Eureka (89, 86> W) sions, transport and deposition of aerosols over the Arctic
to validate the seasonal evolution of aerosol°lBackscat-  remain highly uncertain. Indeed, several recent studies have
ter profiles observed by CALIOP during the 2007-2009 pe-highlighted very large differences among chemical transport
riod. Although a quantitative comparison is inconclusive asmodels over the Arctic (Textor et al., 2006, 2007; Shindell et
the HSRL backscatter appears to be biased high by a factaal., 2008). Removal processes (wet and dry deposition) are
of two compared to in situ observations collected in April particularly poorly constrained over the Arctic, which results
2008 during the ARCTAS campaign over the High Canadianin the inability of models to reproduce the observed seasonal-
Arctic, it is nonetheless able to successfully reproduce thdty of aerosol concentrations and their individual components
shape of the backscatter vertical profiles measured during théLiu et al., 2011; Bourgeois and Bey, 2011). Our multiyear
campaign. In relative terms, CALIOP and HSRL agree as tospatial and temporal distribution of CALIOP extinctions over
the fraction of column-integrated backscatter found near thethe Arctic will provide a new tool to validate these processes
surface (0—1 km) in winter (70—-73 %) and in the free tropo- in global models.
sphere (1-8 km) in spring (3546 %).
The 6-year CALIOP extinction observations enabled us to
map the spatial distribution of the pan-Arctic surface aerosolAcknowledgementsie acknowledge the NASA Langley Research
maximum during winter. At high Arctic latitudes-(6% N) Center Atmospheric Science Data Center for the CALIPSO data,

near the surface, CALIOP extinctions exhibit a strong peak?"d the Langley Aerosol Research Group Experiment (LARGE)
. ’ . . . for the ARCTAS data. We like to thank Environment Canada and
in December—March and a summer minimum in all Arctic

he | | Lo S . NOAA for providing the in-situ aerosol data at Alert and Barrow.
sectors. The largest values in winter extinction maximum a'®rne authors would also like to thank Tad Anderson, Zhaoyan Liu

centered over the central Russian Arctic. This is consistentnq anne Jefferson for their useful suggestions. We also want to
with enhanced low-level transport of Eurasian pollution to thank two anonymous reviewers for their valuable suggestions that
the Arctic induced by meridional transport along the Siberianresulted in significant improvements to the manuscript. This work
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